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Identification of Mixed Bromidochloridotellurate Anions in Disordered Crystal
Introduction.
X-ray crystallography provides the most definite means to elucidate structures of different types of materials at the molecular level. However, successful routine structure determinations require crystalline material, which contains well-defined single crystals with ordered, periodically repeating structures. In many cases this is not a case. For instance, disorder and twinning are common occurrences, and the number of modular structures is continually growing. Various techniques have been developed to deal with some of these problems, as exemplified in refs. 1-5, though some types of disorder cannot be resolved by X-ray crystallography alone.
Spectroscopic methods have often been evoked to resolve the crystallographic disorder. For instance, crystalline eight-membered SenS8-n ring molecules [6] or [TiCp2SenS5-n] complexes [7] are solid solutions of 30 and 20 molecular species, respectively, taking the presence of isomers into account. Consequently, each chalcogen-atom sites in both compounds are partially occupied by sulfur and selenium atoms. In both cases, individual molecules have been identified by dissolving the crystalline samples, and recording and assigning their 77 Se NMR spectra [6, 7] .
Vibrational spectroscopy is useful in the identification of individual species in disordered crystal structures, as exemplified by the characterization of RbH(SO4)0.81(SeO4)0.19 [8] , 1,2,3-Se3S5 [9], and 1,5-Se2S2N4 [10] , which are pure stoichiometric species or nearly so but which show orientational disorder in the lattices. The interpretation of the vibrational spectra has often been based on force-field calculations, but with the increase of computational efficiency the spectral assignment has also been carried out by calculating fundamental vibrations with ab initio or DFT MO methods in the gaseous state or solution (for some examples, see ref. [11] [12] [13] [14] . The introduction of periodic boundary conditions for ab initio and DFT calculations has facilitated modeling of crystal structures in the solid state [15] [16] [17] . The method has recently also proven powerful for the computation of fundamental vibrations [15, 18, 19 ].
While sufficiently high-level ab initio and DFT computations for the molecular species in the gas-state or solution yield fundamental vibrations, which show close enough an agreement to those observed in the IR or Raman spectra of the solid crystalline materials, the situation is not so straight-forward for ionic substances containing polyatomic cations and anions. In the gas state the multiply-charged polyatomic ions suffer from so called electronic instability [20] and consequently the calculated wavenumbers in the gas state or solution show systematically too low values. The electronic instability refers to inappropriately high orbital energies in discrete negatively charged species in absence of anion-cation interactions. The HOMO orbitals may even
show positive values. At the worst case it is not possible to carry out the assignment of the observed vibrational spectra. Solid-state DFT calculations with periodic boundary conditions, which take ion-pair interactions into account, circumvent this problem and provide a promising approach to characterize ionic disordered structures. Not only is the agreement between the observed and calculated wavenumbers better, but the solid-state computations also take into account the lower site symmetry in crystals compared to idealized geometries in vacuum.
Salts of the [TeBrxCl6-x] 2-(x = 0-6) anions constitute a good system to explore the suitability of solid-state DFT methods to calculate the vibrational spectra of compounds of polyatomic ions. A large number of salts containing homoleptic [TeX6] 2-(X = Cl, Br) anions with different counterions have been prepared and structurally characterized [21] . Their structures and vibrational spectroscopic properties are well-known and they serve as benchmarks to establish the level of reliability in the current DFT methods in identification and spectroscopic characterization. By contrast, the information of mixed [TeClxBr6-x] 2-anions is much sparser describing mainly the preparation of the salts [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . 
2.
Experimental Section.
General Procedures
Reactions were carried out in ambient conditions. 1-butyl-2,3-dimethylimidazolium halogenides (bdmim)X (X = Cl, Br) were prepared as previously reported [33] . Imidazolium halogenides are hygroscopic solids and they were dried overnight under dynamic vacuum immediately before use. TeX4 (X = Cl, Br) (Aldrich) were used without further purification. The elemental analyses (CHN) were carried out by standard combustion techniques using a Perkin Elmer 2400 Series II CHNS/O Elemental Analyzer.
Raman spectroscopy
Raman spectra of the solid samples were recorded by using a Bruker IFS-66 spectrometer equipped with a FRA-106 Raman unit and Nd:YAG laser. The spectra were recorded at room temperature with 500 scans and ca. 30% laser power.
X-Ray Crystallography. Single-Crystal Diffraction
Diffraction data of 1-5 were collected at 120 K on a Nonius Kappa CCD diffractometer using graphite monochromated Mo Kα radiation (λ = 0.71073 Å). Crystal data and the details of the structure determination are given in Table 1 .
( Table 1 here)
The structures were solved using SIR-92 [34] and refined using SHELXL-97 [35] . After the fullmatrix least-squares refinement of the non-hydrogen atoms with anisotropic thermal parameters, the hydrogen atoms were placed in calculated positions in the aromatic ring (0.95 Å), methyl groups (0.98 Å) and methylene groups (0.99 Å).
In the final refinement, hydrogen atoms were treated using a riding model in which the isotropic thermal parameters of the hydrogen atoms are proportional to those of the carbon atoms to which they are bonded. The isotropic thermal parameters of the aromatic and methylene hydrogen atoms were fixed at 1.2 times, and the methyl hydrogen atoms were fixed at 1.5 times to those of the corresponding carbon atoms. The scattering factors for the neutral atoms were those incorporated with the programs.
The anions of (bdmim)2[TeBr2Cl4] (3) and (bdmim)2[TeBr4Cl2] (4) are disordered with the halogen atom positions statistically distributed over the atomic sites. Therefore, the site occupation factors of chlorine and bromine were refined along with positional and displacement parameters. Because of the correlation between the thermal parameters and the occupation factors, the anisotropic displacement parameters of the disordered pair of atoms were constrained to be equal.
X-ray Crystallography. Powder diffraction
X-ray powder diffraction patterns of 1-4 were acquired at room temperature by a Huber Imaging
Plate Guinier Diffractometer 670 in Guinier geometry (angle of incidence to the sample normal = In order to evaluate the structural consistency between a bulk powder and the single crystals subjected to structure analysis, peak indexing of the diffraction patterns were made using Pawley fitting method [36] in program DASH 3.2 [37] . Truncated data range of 6-45 ° and the unit cell settings of the corresponding single crystal structure were used as a starting point for the refinement of each pattern. 
Syntheses of (bdmim

Computational Details
Gas phase optimizations of all isomers of different [TeXnY6-n] 2-(X = Cl, Y = Br) anions were carried out using the PBE0 density functional [38] [39] [40] [41] and correlation consistent basis sets of triple--valence quality (aug-cc-pVTZ for Cl and Br, and aug-cc-pVTZ-PP for Te) [42] [43] [44] . The program package [45] .
Solid state DFT calculations on 1-4 were carried out using the PBE0 functional and localized atomic basis sets composed of Gaussian-type functions. All calculations were performed with the CRYSTAL09 software package [46, 47] . The X-ray structures were used as starting points in the structural optimizations. The ordered cis-and trans-models of 3 and 4 were derived from the disordered X-ray structures in accordance with the observed site occupancies. For all structures, the atomic positions were fully optimized while the lattice parameters were kept at the experimentally observed values (see Supporting Information for optimized fractional coordinates). The Karlsruhe triple--valence + polarization basis set was applied for Te, Br, and
Cl atoms [48, 49] , while the counterions were described using split-valence + polarization (SVP) basis sets (see Supporting Information for basis set details). Monkhorst-Pack-type grids of kpoints in the reciprocal space were generated using a shrinking factor (SHRINK) of 2 [50] . For the evaluation of the Coulomb and exchange integrals (TOLINTEG), tight tolerance factors of 8, 8, 8, 8 , and 16 were used. Default optimization convergence thresholds and an extra-large integration grid for the density-functional part were applied in all calculations (XLGRID). The Raman frequencies were obtained by using the computational scheme implemented in CRYSTAL09 [51, 52] . The atomic masses, which were used for the calculations, were those of the most abundant isotopes in the case of each element.
Results and Discussion
General
Hexahalogenidotellurate(2-) anions can generally be prepared by the reaction of halogenide ions with tellurium tetrahalogenides [21, 22] . We treated two equivalents of 1-butyl-2,3- 
Crystal Structures
The structures of (bdmim) Selected bond lengths are shown in Table 2 . 
(bdmim)2[TeX6] [X = Cl (1), Br (2)]
The coordination environment of tellurium in the homoleptic 
(bdmim)2[TeBr2Cl4] (3) and (bdmim)2[TeBr4Cl2] (4)
Two Table   S1 in Supporting Information. The positions of the disordered bromine and chlorine atoms could, however, be individually refined and resulted in reasonable Te-Br and Te-Cl distances for both 3 and 4 (see Table 2 ). Both salts are isomorphic with (bdmim)2[TeBr6] (2) and show similar 13 hydrogen bonding networks.
Because of the halogen atom disorder, single crystal X-ray structures cannot be used to deduce, whether the anions in 3 and 4 are single species, which can adopt several different orientations, or if the lattice is a solid solution of several different anionic species. It can, however, be inferred from the variation in the site occupation factors of bromine and chlorine (see Table S1 Furthermore, polycrystalline reaction products need not contain only one phase. Therefore, additional information has to be sought for.
X-Ray Powder Diffraction
The X-ray powder diffraction data were recorded for compounds 1-4 in order to confirm the homogeneity of the bulk material. This is especially important for the compounds 3 and 4 containing mixed halogenidotellurate anions. The Pawley refinement of the X-ray powder diagrams of 1, 3, and 4 resulted in the full indexing of the data and a good agreement between the recorded and calculated peak profiles, indicating that the powder samples of the compounds 1, 3, and 4 indeed constitute a single phase, as shown in Figures 4(a,c,d ). The powder sample of 2 [see in the unit cell parameters that are in good agreement (generally < 1 % thermal expansion of the unit cell axes) to that of determined from the corresponding single crystal data (see Table S2 in Supporting Information). Based on the power diffraction analyses, it can be deduced that each 
Raman Spectroscopic Characterization
The chemical identity and structure of the four anions were inferred on the basis of combined information from Raman spectroscopy and DFT calculations of the fundamental vibrations both in the gaseous and solid state (A full listing of fundamental vibrations of all isomers of every [TeBrxCl6-x] 2-(x = 0-6) anion in vacuum is presented in Table S3 in Supporting Information). 2-ions at the PBE0/aug-cc-pVTZ level of theory are presented in Table 3 .
( Table 3 here) ( Figure 5 here)
It can be seen from Table 3 2-, respectively, are somewhat longer than those obtained from crystal structure determinations (see Table 2 ).
As seen from Figure 5 Table S3 in Supporting Information). The Raman spectra of neither 3 nor 4 indicate the presence of several different anionic species, as shown in Figure 6 . ( Table 4 here) ( Table 5 here)
It can be seen from Tables 4 and 5 difference, though small, seems to be cumulative (see Table 6 ). ( Table 6 here)
Formation of The Mixed Anions
Whereas tellurium tetrachlorides and tetrabromides exist as tetramers in the solid state [64] [65] [66] , they are likely to be monomeric in solution [67] [68] [69] . Ozin and Vander Voet [25] 
